guanine base deletion from a 5Ј-GGGA-3Ј sequence in the Apc gene of rat colon tumors (7). Therefore, the clarification The mutational spectra of carcinogenic heterocyclic amines of the mutational fingerprints of HCAs offers one of the (HCAs) It also allows us a convenient color screening assay. Thus, the were identified. G:C→T:A transversions predominated mutational spectra of chemicals of interest may be easily with these HCAs. Mutational hot spots for base-substitution elucidated using lacI mutations. The use of Big Blue ® mice mutations caused by MeIQ, PhIP and AαC were in distinct (BBM), which carry~40 copies of the lacI transgene (11) sequence contexts; at 5Ј-GC-3Ј, in runs of guanine and in should conveniently provide us with the mutational spectra of 5Ј-CGT-3Ј, respectively. Further, 30 of 115 (26%) PhIPchemicals in mice. induced mutations were G:C base pair deletions, and eight
In this study, we analyzed the mutational spectra of MeIQ, of these deletions were in 5Ј-GGGA-3Ј. The mutational PhIP and AαC in the colon, where extremely high mutant characteristics of MeIQ in the lacI gene coincided well frequencies had been observed in the BBM (12,13), and with those in the Ha-ras gene of MeIQ-induced mouse compared the mutational spectra of the lacI gene with those forestomach tumors and rat Zymbal gland tumors. The in the tumor related genes, Ha- BclI (Toyobo, Tokyo, Japan). The resulting eight fragments were then subjected to single strand conformation polymorphism (SSCP) analysis under three AαC, 2-amino-9H-pyrido [2,3-b] indole; BBM, Big Blue ® mice; SSCP, single strand conformation polymorphism; IQ, 2-amino-3-methylimidazo[4,5-f]-conditions (20°C, without or with 5% glycerol at 10°C, with 5% glycerol) to identify the fragment(s) with a mutation(s). A purified intrinsic phagemid (14) quinoline.
was used as the template for sequencing by denaturing with 0.2 M NaOH. 
Results
Single-base pair deletion 9 (10) 30 (26) 8 (8) 1 (3) The mutant frequencies per 10 6 plaque-forming unit in the G:C 8 (9) 30 (26) 6 (6) 1 (3) colon of MeIQ-, PhIP-, or AαC-treated and control mice
(two experiments) were 1100 (12), 690 (13), 940 (13), and base pair over all HCAs. Single base-pair deletions were observed at a significantly higher rate in the PhIP-treatment group than those in the MeIQ-(P Ͻ0.05) or AαC-(P Ͻ0.05) treatment group. Two-base deletions were preferen-5Ј-GCGGCG-3Ј and guanine in 5Ј-GGGA-3Ј. A hot spot tially, although not significant, observed in the MeIQ group.
for two-base pair deletions was observed with MeIQ at In the control group, 90% of the mutations were basenucleotide numbers 790-795 (P ϭ 0.05 compared with substitutions and 63% of the total were G:C to A:T PhIP, and P ϭ 0.18 compared with AαC) where a sole transitions. In 23 G:C to A:T transitions, 21 (91%) were (GC) 3 sequence exists in lacI. observed at CpG sites.
Surrounding sequences of the mutations are summarized Mutations occurred at 'hot spots', as summarized in in Table II , integrating hot spots described above and other Figure 1 . 'Hot spots' were defined, in this study, as sporadic mutational spots. PhIP induced G:C to T:A nucleotides where three or more mutations had occurred in transversion preferentially at G:C runs (42/77, 55% of the two or more mice. A hot spot at nucleotide 92 was shared base-substitution mutations, P Ͻ0.05 and P Ͻ0.01 compared by all three HCAs, but specific hot spot sites were observed with MeIQ and AαC groups). Deletions in 5Ј-GCGGCG-3Ј for each HCA. Nucleotides 186, 198, 201 and 790-1 were were specifically found in the PhIP group (not significant), hot spots preferential to MeIQ. Nucleotides 355 (or 356) and deletions in 5Ј-GGGA-3Ј were significantly characteristic and 782 were hot spots preferential to PhIP. Nucleotides to PhIP group (8/115, P Ͻ0.05 and P Ͻ0.01 compared 86, 95 and 116 were hot spots specific to AαC (P Ͻ0.05
with the MeIQ and AαC groups). AαC induced G:C to compared with PhIP, and P Ͻ0.1 compared with MeIQ), T:A transversions in 5Ј-CGT-3Ј at a significantly higher rate and nucleotide 618 was a hot spot preferential to AαC.
than MeIQ or PhIP does (29/91, 32% of base-substitution The fractions of mutations found in the hot spots were mutations, P Ͻ0.001 compared with either of the MeIQ or 35%, 22% and 35% for MeIQ, PhIP and AαC, and the PhIP group). fraction was significantly (P Ͻ0.05) lower in the PhIP group than that of MeIQ or AαC. Discussion All seven hot spots in the MeIQ group were G:C neighbored by C:G. All four hot spots for base-substitution All HCAs examined in this study induced mutations predominantly at the G:C base pair. Since PhIP and MeIQ in the PhIP group were G:C in 5Ј-GG-3Ј or 5Ј-GGG-3Ј. Four of the seven hot spots for base-substitution in the are known to form mainly guanine adducts, and only a single spot could be detected by the 32 P-postlabeling method AαC group shared the 5Ј-CGT-3Ј sequence, surrounding the target guanine. It was noted that guanine mutation in the after administration of PhIP or MeIQ to rodents (16,17), the characteristics of mutation and adduct formation coincided 5Ј-CGT-3Ј sequence was often a G to C transversion, with all those at nucleotide number 618 being G to C. Hot spots well. The recently elucidated structure(s) of a major AαC-DNA adduct to be as dG-C8-AαC (18) and the results of for the control group were observed at nucleotides 56 and 92, where G:C→A:T transitions were clustered, which this study on mutational types in the lacI gene also coincided well. accounted for 27% of the total mutations.
Clustering of single-base deletions was observed only Striking differences were detected in the sequence context for each HCA. Base substitutions at 5Ј-GC-3Ј were specific with PhIP and hot spots for those deletions [nucleotide 355 (or 6) and 877 (or 8 or 9)] were at the middle guanine in to MeIQ (P Ͻ0.001), those at 5Ј-CGT-3Ј to AαC (P In vivo mutational spectra of heterocyclic amines The specific surrounding sequences found in this study 5Ј-GC03Ј  38  18  22  5Ј-CGT-3Ј  5  4  2 9 coincided well with the mutations previously identified in tumor-related genes in the tumors induced by MeIQ and GC-3Ј is present only at this position in mouse and rat Haras sequences ( 11 GCT 12 GGA 13 GGC 14 GTG) whose mutation Two-base pair deletion 5 1 2 5Ј-(GC) 3 -3Ј→5Ј-(GC) 2 -3Ј 5 1 2
could result in Ha-ras activation. These results suggest that the mutational characteristics of MeIQ are well conserved over different species and different genes. Ͻ0.001), and those at G runs to PhIP (P Ͻ0.05 compared PhIP induces colon tumors in male rats, and so far, the with MeIQ, P ϭ 0.001 with AαC). Although many only gene we have been able to detect as being involved carcinogens form adducts with a guanine base in DNA, the in this type of carcinogenesis is the Apc gene (7). In these presence of specificity in the surrounding sequences for Apc mutation positive tumors, the mutations were all guanine each chemical, supports the concept of mutational fingerprints deletions at 5Ј-GGGA-3Ј. In this study, the same deletion of chemicals (19) . Although the major DNA adducts formed mutation was shown to be induced by PhIP at a significantly higher rate than those by MeIQ (P Ͻ0.05) or AαC (P by MeIQ, PhIP and AαC are guanine adducts, their spontaneous mutations were observed at nucleotides 56 and 14. Ushijima,T., Hosoya,Y., Suzuki,T., Sofuni,T., Sugimura,T. and Nagao,M.
